To test the hypothesis that in comparison with those with shorter risk duration, individuals with longer HIV risk duration would have reduced susceptibility to HIV-1 infection as measured by CCR5 expression, and to evaluate whether variation in CCR5 expression could be explained by known genetic polymorphisms.
Introduction
The density of CCR5 chemokine receptors on CD4þ cells has been shown to affect HIV-1 transmission and disease progression [1, 2] . CD4þ lymphocytes with reduced CCR5 expression from HIV-1-exposed, uninfected individuals, for example, have decreased in-vitro HIV-1 infectability [1] . Among polymorphisms associated with CCR5 expression, the CCR5-D32 mutation has been of particular interest because homozygous (CCR5 D32/D32 ) individuals have no functional CCR5 receptors [3] . Heterozygous (CCR5 D32/þ ) individuals have reduced receptor densities, lessened susceptibility to HIV infection, and delayed HIV disease progression [2, 4, 5] . The CCR5-59029G polymorphism also has been linked to decreased surface expression and reduced in-vitro infectability [6] . Additional promoter polymorphisms including CCR5-59402 and CCR5-59356 have been found to affect perinatal HIV transmission [7] , although findings have been inconsistent [8] . The CCR2-64I mutation and variation in the copy number of CCL3L1, a potent ligand of CCR5, also have been correlated with HIV susceptibility, presumably by affecting surface expression or availability of the CCR5 receptor [9] [10] [11] .
We undertook a cross-sectional study of men who have sex with men (MSM) to investigate the association between duration of HIV risk behaviors and CCR5 expression. We hypothesized that the duration of risk behaviors while remaining HIV-seronegative would be negatively associated with CCR5 expression on CD4þ monocytes or T cells. Furthermore, we sought to describe the genetic basis for the variability in CCR5 expression observed in this population.
Methods

Participants
This study was approved by the Institutional Review Boards of the New York University School of Medicine and the New York University Washington Square campus. Between April 2002 and May 2003, 102 sexually active MSM, aged 18 years or older, who believed they were HIV-uninfected were recruited in New York City. HIV serostatus was determined via enzyme-linked immunosorbent assay (ELISA) with western blot confirmation. Four individuals were excluded because they were HIV seropositive and two were excluded because they did not provide blood samples, leaving 96 HIV-1 seronegative MSM. We further restricted the present analyses to 67 individuals aged 30-49 years to achieve greater homogeneity in age and duration of HIV risk than was present in the source population of 96 [12] .
Behavioral and demographic data were collected by audio computer-assisted interviewing. HIV risk duration was calculated by subtracting age at first unprotected receptive anal intercourse from age at interview. For four individuals who did not provide an age at first receptive anal intercourse despite reporting one or more partners in receptive anal intercourse, years since first receptive anal intercourse was imputed from regression of this variable with age in all other participants; that is, years since first receptive anal intercourse ¼ À16.142 þ 0.8402 Ã age.
Quantification of CCR5 expression and plasma chemokine levels CCR5 expression on monocytes and T cells was determined by flow cytometry. Whole blood was labeled with FITC-anti-CD3, PE-anti-CCR5, PerCP-Cy5.5anti-CD4, and APC-anti-CD14, treated with FACSLysing solution according to supplier instructions, and analyzed on a FACSCalibur (BD Biosciences, San Jose, California, USA). CCR5 expression was determined as weighted CCR5 mean fluorescence intensity (abbreviated as CCR5 FI); that is, the product of %CCR5þ cells within the CD4þCD14þ monocyte subset (or within the CD4þCD3þ T cell subset), and the mean of the CCR5 FI detected on the CCR5þ cells. Plasma concentrations of MIP-1a (CCL3), MIP-1b (CCL4) and RANTES (CCL5) were determined using Quantikine ELISA (R & D Systems, Minneapolis, Minnesota, USA) because of the potential of these chemokines to bind to CCR5 receptors and block HIV-infectability.
Genotype analyses
Genomic DNA was isolated from whole blood cells using the QIAamp DNA blood mini kit (Qiagen Inc., Valencia, California, USA). CCR5-D32 mutants were identified by size following polymerase chain reaction (PCR) amplification using the primer pair described by Kostrikis et al. [13] . Amplification refractory mutation system-PCR with sequence-specific primers was performed as previously described, with some modifications, for the genotyping of the CCR5-59356 (T/C) and CCR5-59402 (G/A) polymorphisms [14, 15] . The 59356 forward primer was replaced with the 59402 forward primer to get more robust amplification products. PCRrestriction fragment length polymorphism was used to detect the CCR5-59029 (G/A), CCR5-59353 (C/T), and CCR2-64I polymorphisms [16] [17] [18] . CCL3L1 copy number was determined by real-time PCR [11] . Genotyping results were confirmed by direct sequencing of a subset of the samples.
Statistical analysis
Linear regression analysis was used to test for an association between number of years since first receptive anal intercourse and CCR5 expression, adjusting for age and race. Differences in the distribution of CCR5 expression by the measured factors were analyzed using the non-parametric Wilcoxon-Mann-Whitney test and linear regression. Statistical analyses were conducted using the SAS System for Windows (version 9.0; SAS Institute, Inc., Cary, North Carolina, USA).
Results
The median age of the 67 participants was 37.9 years (range 30-49 years), with 64.2% (n ¼ 43) self-identifying as white, 15% (n ¼ 10) as African American or black, 10.4% (n ¼ 7) as Latino, and 10.4% (n ¼ 7) as other or mixed race. Years since first receptive anal intercourse ranged from 0 to 43 (median ¼ 15 years), with one man reporting never having engaged in this behavior. Lifetime numbers of sexual partners ranged from 7 to 6666 (median ¼ 250). Lifetime numbers of sexual partners in receptive anal intercourse without a condom ranged from 0 to 800 (median ¼ 8).
The median CCR5 FI on CD4þ monocytes was 2.5 (range, 0 to 17.5) and on CD4þ T cells was 7.6 (range, 0.4 to 44.4). In univariate analyses, CCR5 expression on monocytes did not vary by race or age, but a near-significant difference in expression (P ¼ 0.07) by duration of risk was observed (Table 1 ). CCR5 expression on T cells did not vary by race or duration of risk, but variation in expression by age was near-significant (P ¼ 0.06).
Multiple linear regression analysis using the number of years since first receptive anal intercourse as the dependent variable showed a positive association with age (P < 0.0001) and a significant, negative association with CCR5 FI on CD4þ monocytes (P ¼ 0.01), after adjusting for race. A separate analysis, also adjusted for age and race, showed a similar negative association between years since first receptive anal intercourse and CCR5 FI on CD4þ T cells (P ¼ 0.03). Concentrations of MIP-1a, MIP-1b, and RANTES did not affect the regression estimates (data not shown).
Genotyping revealed no CCR5 D32/D32 individuals, 15 (22.4%) CCR5 D32/þ , and 52 (77.6%) CCR5 þ/þ . The proportion of individuals who were CCR5 D32/þ among participants with long risk duration, namely greater than the median of 15 years, was 29% (9/31) compared to CCR5 expression in HIV-1 seronegatives Thomas et al. 1881 16.7% (6/36) among those with short risk duration, namely less than the median of 15 years (P ¼ 0.25). Multiple linear regression adjusted for age and race showed an 81% decrease (or an absolute decrease of 2.9) in CCR5 FI on CD4þ monocytes among CCR5-D32 heterozygotes compared to the predicted CCR5 FI of 3.6 in a CCR5 þ/þ white man at the median age of 38 (P ¼ 0.0008). Similarly, an 81% reduction (or an absolute decrease of 9.3) in CCR5 FI was found on CD4þ T cells among CCR5-D32 heterozygotes compared to the predicted CCR5 FI of 11.5 in a CCR5 þ/þ white man at the median age of 38 (P < 0.0001). Linear regression analysis restricted to CCR5 þ/þ individuals continued to show a significant association between years since first receptive anal intercourse and CCR5 expression on CD4þ monocytes (P ¼ 0.02) after adjusting for age and race. However, the previously observed association between HIV risk duration and CCR5 expression on CD4þ T cells became non-significant (P ¼ 0.12).
Multivariable linear regression analysis controlling for age, race and CCR5-D32 genotype, showed a significant association between CCR5 expression on CD4þ monocytes and the CCR5-59029 genotype (P ¼ 0.008). This relationship was not observed when CCR5 expression on T cells was considered the dependent variable. These results were not affected by excluding African Americans, among whom the CCR5-D32 genotype was absent.
Together with the CCR5-D32 allele, the 59029G allele accounted for all except three of the individuals with less than the median CCR5 expression on monocytes (Fig. 1) . The CCR5-59353 genotype was perfectly correlated with CCR5-59029 (data not shown). The CCR5-59402 genotype was weakly associated with CCR5 expression on monocytes (P ¼ 0.08) after controlling for D32 genotype, age and race, but this association was lost upon inclusion of the 59029 genotype in the model. Similarly, a weak association (P ¼ 0.05) was observed between the CCR2-64I genotype and CCR5 expression after adjusting for D32 genotype, age and race, but disappeared upon addition of the CCR5-59029 genotype to the model. No significant results were obtained from analyses involving the CCR5-59356 polymorphism or CCL3L1 copy number (data not shown).
Discussion
In agreement with previous publications reporting reduced CCR5 levels in HIV-exposed, but uninfected individuals [1, 19] and consistent with our hypothesis, we found a significant negative association between years of high-risk behavior and CCR5 expression on CD4þ monocytes and T cells. Both monocyte-derived macrophages and CD4þ T cells from HIV-exposed but uninfected individuals are resistant to infection with primary non-syncytium-inducing isolates of HIV-1 in vitro [20] . Thus, the somewhat stronger association we found between HIV-negative survival and CCR5 expression on monocytes compared to T cells is perplexing. This is especially so because activated lamina propia CD4þ T lymphocytes, rather than macrophages, have been implicated as the major HIV target in the intestinal mucosa [21, 22] . The observed association of risk duration with CCR5 expression on T cells and monocytes may have been attenuated from larger, true values for several reasons: self-reported times since first receptive anal intercourse may have been poor surrogates for true cumulative risks of HIV infection; there may have been reporting biases in sexual histories; our failure to elicit lifetime residential histories may have resulted in misclassification of relative HIV risks if some participants had resided in areas with low HIV prevalence; and, by chance, some individuals may or may not have encountered HIV-infected partners during their sexual activities. Moreover, resistance mechanisms apart from reduced CCR5 receptors may exist, as suggested by the presence in the dataset of individuals with high CCR5 expression despite long durations of HIV risk-related behaviors.
The absence of CCR5-D32 homozygotes in this study population was surprising. The primary sources of variation in CCR5 expression in our study participants appeared to be CCR5-D32 heterozygosity and the CCR5-59029 mutation. Although the 59402 polymorphism also was associated with CCR5 expression in our study participants, the 59402G allele, which has been linked to decreased HIV transmission [7] , occurred only in the presence of the 59029G allele. We investigated additional factors that have been associated with HIV susceptibility including the CCR2-64I polymorphism [9] and CCL3L1 copy number [11] , but no significant correlations were found. The CCR2-64I allele was found only in the presence of the CCR5-59029 AA or AG genotype and therefore we conjecture that any effects of the CCR2 mutant allele on CCR5 expression can be attributed to its linkage to the 59029 genotype.
In summary, we observed a negative association between CCR5 expression and years since first receptive anal intercourse that strongly supported the selection of individuals with low levels of susceptible cells among those who have evaded HIV infection. Most low CCR5 expressors could be explained by known genetic polymorphisms. High CCR5 expression among many of the individuals who survived HIV-negative despite long periods at risk, however, suggested that additional means of HIV resistance may have been operative. Further investigation of HIV exposed but uninfected MSM is warranted.
